Abstract-For a microgrid (MG) to participate in a real-time and demand-side bidding market, high-level control strategies aiming at optimizing the operation of the MG are necessary. One of the difficulties for research of a competitive MG power market is the absence of efficient computational tools. Although many commercial power system simulators are available, these power system simulators are usually not directly applicable to solve the optimal power dispatch problem for an MG power market and to perform MG power-flow study. This paper analyzes the typical MG market policies and investigates how these policies can be converted in such a way that one can use commercial power system software for MG power market study. The paper also develops a mechanism suitable for the power-flow study of an MG containing inverter-interfaced distributed energy sources. The extensive simulation analyses are conducted for grid-tied and islanded operations of a benchmark MG network.
I. INTRODUCTION
A MICROGRID (MG) reflects a new way of designing and building future smart grids [1] . The MG approach focuses on creating a design and plan for local energy delivery that meets the needs of the constituents being served. It is expected that the development of MGs has the potential to bring a number of benefits into the system in terms of: 1) enabling the development of sustainable and green electricity, 2) enabling larger public participation in the investment of small-scale generation, 3) reduction in marginal central power plants, 4) improved security of supply, 5) reduction of losses, and 6) enabling better network congestion management [2] , [3] .
However, a technical challenge for the operation of MGs is how to find a rational method to manage distributed energy resources (DERs) and loads [4] , [5] . There are many differences in the energy management requirements between the MGs and traditional power systems because of the following reasons: 1) an MG is an autonomy system with DERs to satisfy different load requirements, 2) the types of generators, loads, and market participation strategies are different from the traditional power systems, and 3) scalability can allow DERs and loads to connect and disconnect into the MG independently [6] .
At present, MG market and operation studies are primarily based on individually developed software without using the existing power system simulation tools [7] - [9] , making a lot of powerful analytical and visualization functions available in the commercial software unable to be used for MG power market research. This is due to the fact that the objective function for an MG power market varies from case to case. Therefore, it is impossible to fit all different situations in a commercial software design. Regarding user-designed computer programs for an MG, many simplified conditions are usually assumed and a lot of studies do not consider special characteristics of power converters, causing the actual MG operating conditions unable to be reflected in a user program properly. Hence, developing an efficient computing system for MG research becomes an important issue that was specially discussed in several sessions and panels during the 2012 IEEE Power and Energy Society General Meeting held in San Diego, CA, USA [10] , [11] . This paper focuses on the MG power market research using a commercial power system simulator. The main goals and contributions of the paper include: 1) studying the characteristics of inverter-interfaced DERs, 2) researching the models associated with MG market policies, 3) exploring how to format these market models so that they are compatible with a commercial power system simulator, and 4) investigating how to use the commercial power system simulator for the MG market and power-flow study with sufficient consideration of inverterinterfaced DER characteristics.
The paper is organized as follows. Section II presents a general MG network configuration and typical DER operating strategies. Section III discusses the MG power market policies and models. Section IV investigates how to convert and transform MG models and market policies to make it possible to use a commercial power system simulator for the MG power market and power-flow study. Sections V and VI present the extensive power market and power-flow study for the MG grid-tied and islanded operating modes. Finally, the paper concludes with a summary of the main points.
II. OPERATING STRATEGIES OF MG DERS
An MG mainly consists of three parts: a low-voltage distribution network, DERs, and controllable and uncontrollable loads [2] , [3] . Typical DERs include solar photovoltaics (PV), wind turbines, fuel cells, microturbines, and energy storage units [2] , [4] . In order to convert the energy into grid compatible ac power, those DER units require power electronic converters for grid interfaces (Fig. 1) .
The MG control and management system typically have three levels: device level at individual DERs, MG central control (MGCC) level, and distribution management system (DMS) level [4] . At the DER level, the energy is either captured from a renewable resource or generated from other micro-generation sources and then sent to the MG based on MGCC control demands. At the MGCC level, the power production and distribution of an MG are determined according to optimal overall cost or profit to operate DERs and loads of the MG. The MGCC sends out power references to DERs and controllable loads, while each individual DER or load control system ensures that the power reference from the MGCC is reached. At the DMS level, the power production of MGs is managed to meet the overall grid requirements.
Unlike conventional electric power systems, most DERs are connected to the MG network through power converters. Typical converter configurations include: 1) a dc/dc/ac voltage-source converter (VSC) for energy storage devices and solar PVs [13] , [14] , and 2) an ac/dc/ac VSC for wind power generators and microturbines [15] , [16] . It is important that the operating principles of DER power converters are considered properly in the MG power flow and market studies.
A. Decoupled Power Converter Structure
A DER device normally has a decoupled power converter configuration (Fig. 1) . For a renewable energy-based DER, the VSC on the renewable energy source side implements the maximum power extraction function, while the VSC connected to the grid side is necessary for grid integration. The operation of the grid-side VSC should assure that the active power captured from a renewable energy source is transferred to the grid, whereas the reactive power generated by the VSC follows the MGCC control demand. At the same time, the rated current and pulsewidth modulation (PWM) saturation constraints of the power converter cannot be exceeded.
B. Control of Grid-Side Converter
The standard control strategy of the grid-side converter (GSC) has a nested-loop structure as shown in Fig. 2 , which consists of a faster inner current loop and a slower outer loop. The outer-loop controller generates -and -axis current references and , respectively, to the inner current-loop controller, whereas the inner current-loop controller generates -and -axis voltage reference signals and , respectively, to implement the final control function [13] - [16] . Using the motor sign convention, the -and -axis current references and , respectively, are related to the desired active and reactive powers of the grid by where is the -axis component of the grid voltage at the point of common coupling (PCC). In terms of the converter -and -axis output voltages and , respectively, the desired active and reactive powers follow the relationship below:
where stands for the grid filter reactance.
C. DER Inverter Constraints
In reality, the rated power and PWM saturation constraints of a GSC cannot be exceeded [17] . When it is jeopardized for the system to operate beyond these constraints, the GSC should meet the active power or dc-link voltage control demand first while minimizing the difference between the reference and actual reactive power as much as possible [17] . This results in a control strategy as follows:
where is the rated phase rms current of the converter. According to (1) and (2), the above control strategy is implemented in the following way [17] . If generated by the dc-link voltage and reactive power control loops exceeds the rated current limit, then and are modified by (7). If generated by the current control loops exceeds the PWM saturation limit, then and are modified by (8) where represents the maximum acceptable voltage of the DER inverter. Typical strategies to operate a DER inverter in an MG include PQ (i.e., active and reactive controlled) and PV (i.e., active and bus voltage controlled) inverters [18] , [19] .
D. PQ-Inverter DER
A PQ-inverter DER operates by injecting the active and reactive powers into an MG. The active power of the DER is normally controlled according to a maximum power extraction rule for a renewable source or according to a demand from the MGCC. The reactive power is controlled either locally for the unity power factor or centrally according to a command from the MGCC. Due to the rated power constraint [(4) and (7)], the maximum acceptable reactive power cannot exceed On the other hand, from the consideration of the PWM saturation constraint (8), the maximum acceptable reactive power cannot surpass Therefore, the maximum reactive power of a DER under PQ-inverter mode should take the smaller value of the two boundary reactive powers calculated from (9) and (10).
E. PV-Inverter DER
A PV-inverter DER operates by injecting the active power into an MG and, at the same time, maintaining the PCC voltage at a desired value. The active power is usually controlled in the same way as that used in a PQ-inverter DER, but the reactive power is controlled according to the error signal between the desired and actual PCC voltage to which the inverter is connected. For any voltage support control condition, the maximum reactive power supplied by a DER cannot exceed the smaller value of the two boundary reactive powers calculated from (9) and (10).
III. MARKET MODEL FOR MG MANAGEMENT
For the market of electricity transaction to exist, there has to be a compelling business model for sellers and incentive for buyers. The selling and buying of energy is usually managed by the MGCC through a bidding process. During the islanded mode, the MGCC control strategies should also coordinate secondary loadfrequency control to assure stable and secure operation of the MG.
A. Bidding in an Open MG Market
In an open MG market, at the first -minute interval (such as a 15-min interval) of an hour, there is a bidding process regarding the energy production by DERs and load demands of customers for the next hour. In order to make a rational bid, DER owners should consider both the operating costs of their DER units and the payoff for selling the energy.
For a customer or USER, the bidding procedure is more complex because it normally involves two different options: shift and curtailment. In the shift option, the customers place two different bids for their high-and low-priority loads for the next operating hour. In the curtailment option, the customers may choose to shed low-priority loads.
In each -minute bidding interval, both DER owners and customers will send their bids to the MGCC. The MGCC is responsible for 1) informing the DER owners and customers about the open market price, 2) accepting the DER and USER bids, 3) running the optimal routines, and 4) sending the optimization results to DERs and USERs. The optimization results are typically obtained by using one of the following two market policies: 1) minimum operational cost policy or 2) maximum overall profit policy [12] .
B. Minimum Operational Cost Policy
The main goal of this policy is to minimize the overall MG operational cost for the next hour [12] . The objective function in the every bidding period is where denotes the bid from the th DER, is the active power anticipated to produce by the th DER for the next hour, is the open market price, is the number of DERs, is the amount of the active power bought by the MGCC from the grid, is the th USER bid for USER's load shedding, and is the compensation cost that a USER will receive from the MGCC for the load shedding. Thus, the following optimization strategy will result:
where Total_Demand is the total planned MG active power demand, (13) represents the active power balance constraint in the MG, and are the minimum and maximum limits of the active power of the th DER, respectively, is the maximum limit of load that can be curtailed, and is the power constraint of the line between nodes and . In addition, depending on the PQ-or PV-inverter DERs, DER reactive power and/or PCC bus voltage constraints should be included.
C. Maximum Overall Profit Policy
The goal of this policy is to maximize the overall MGCC profit [12] . The MGCC sells the power to the MG USERs in the open market price. If the production of DERs cannot satisfy the local loads or the cost of DERs is too high, then the MGCC needs to buy the power from the main grid. Hence, the MGCC "Revenue" obtained by selling the power is given by
The MGCC "Expenses" includes payments for buying power from DERs and the grid as well as payments to USERs for the compensation of load shedding. Therefore, the MGCC "Expenses" is described by
The overall MGCC profit equals to the "Revenue" (17) minus "Expenses" (18) as shown by which is the objective function associated with the maximum profit policy, while the constraints are the same as shown in Section III-B.
D. DER and USER Bids
A DER bid is the operational cost for a distributed energy source, which includes payback and investment or depreciation of the DER. A DER bid can be described as [12] where represents the fuel cost and denotes the hourly profit. For renewable energy sources, stands for the annual depreciation for generating each kilowatt hour of active power.
A USER bid is the bid offered by a customer for the load shedding. In compensation, the MGCC will payback the USER for the load shedding at a certain percentage of the open market price. Thus, a USER bid is given by where is the ratio of the MGCC's compensation price with the utility open market price.
E. Load-Generation Balance in Islanded Mode
In MG islanded operation, the power purchased from the grid is zero and the MGCC must coordinate secondary loadfrequency control, which is crucial for the proper operation of the MG. The two objectives of the secondary control are [4] , [20] : a) to hold the system frequency at or close to the nominal system frequency from transient time scale standpoint at the DER level, and b) to maintain the load-generation balance at the MGCC level from steady-state time scale perspective. This paper focuses on how to gain load-generation balance that can assure loadfrequency control at the MGCC system level in the most economic way. This economic dispatch problem can still be solved according to the above discussion by using either the minimum operational cost policy or the maximum overall profit policy. The primary difference is that in the islanded mode, the grid power is zero and a large amount of load curtailment is necessary.
IV. MG OPTIMAL POWER DISPATCH BY USING POWERWORLD
PowerWorld simulator is an interactive power system simulation package designed to simulate power system operation on a time frame ranging from several minutes to several days. The software contains a highly effective power-flow analysis package capable of efficiently solving systems with up to 100 000 buses [21] . It is necessary to point out that although this paper uses PowerWorld as an example, the proposed strategy should be easily applied to other commercial power system simulators too.
A. Optimal Power Dispatch in Grid-Tied Mode
The first step in solving an optimal power dispatch problem using PowerWorld is to develop a single-line diagram. The PowerWorld simulator can read the impedance data of each line and the length of the line and then automatically convert the impedance of each line into per unit. For each line, the MVA (i.e., apparent power) limit of a line is specified. The grid is represented by a slack bus generator. The next step is to define DERs. This includes specifying the maximum and minimum power generation of each DER unit and the bid associated with a DER. The DER capacity, i.e., Max_MW, Min_MW, Max_Mvars, and Min_Mvars values of a DER, is specified based on the procedures shown in Sections II-D and II-E. These parameters represent the maximum and minimum active and reactive power constraints of a DER. A DER bid is defined through the cubic cost model in PowerWorld. However, to reflect the DER bid as shown by (20) , only the linear and the constant coefficients of the cubic cost model are used.
The final step is to create a special technique so that the curtailable loads associated with USER bids can be properly implemented in PowerWorld. These loads are variable loads from 0 kW to a maximum value representing the maximum amount of loads that can be curtailed. Bidding rates must be specified for those loads. Hence, the conventional load model defined in PowerWorld is unsuitable to a curtailable load. We developed a special mechanism to model a curtailable load based on the conventional generator model defined in the PowerWorld.
The strategy requires: 1) the power generated by the "generator" to be negative instead of positive, and 2) a constant bidding rate as shown by (21) for those special "generators." The other loads that cannot be shed are defined by using the normal load models in the PowerWorld.
To solve the optimal power dispatch for an MG policy presented in Section III-B or III-C, the PowerWorld optimal power-flow analysis tool (OPF) [21] is used. The OPF provides the ability to optimally dispatch the generation with the minimum overall cost in an area or group of areas, while simultaneously enforcing the transmission line and interface limits. However, the objective of the PowerWorld OPF is to find a solution that minimizes the overall generation cost. This requirement is different from (12) and (19) for an MG. Thus, to use PowerWorld OPF, (12) and (19) must be converted into PowerWorld compatible formats.
For both the minimum operational cost policy (12) and maximum overall profit policy (19) , there is a difference between the curtailable load in (12), (13), (15), and (19) and the curtailable load defined in PowerWorld. In general, represents the amount of the load to be curtailed, whereas represents the remaining load after the curtailment. Hence, considering to be negative, then
By applying (21) and (22) to (12), it is obtained as Since is a constant number at a given bidding interval, removing the constant loads from the objective function (23) does not affect the optimal solution. Hence, the formulation for the minimum cost policy is represented by where represents the total fixed demand. According to the above formulation, the optimal MG power dispatch problem becomes to minimize the overall generation cost of all the positive and negative generators. This way, we can use PowerWorld OPF to solve the optimal power dispatch problem for a competitive MG market, in which a negative generator model is used to represent a curtailable load.
For the maximum overall profit policy, considering the curtailable load defined in PowerWorld and DER and USER bids of (20) and (21), we can express (19) as Also, maximizing the profit can be interpreted as minimizing the negative profit. Similarly, since is a constant number at a given bidding interval, the objective function for the maximum overall profit policy can be represented by This way, the optimal power dispatch problem becomes to minimize the overall generation cost of all the positive and negative generators, in which the cost for the positive generators (DERs) is and the cost for the negative generators (curtailable loads) is .
B. Optimal Power Dispatch in Islanded Mode
In the islanded mode, the MG is disconnected from the main grid. Hence, a DER within the MG network is specified as the slack bus generator. This DER unit should have a stronger power capacity than other DERs to support the operation of the MG. Different from the grid-tied mode, there is a power constraint for the slack bus generator and a cost function associated with the generator.
The objective function for the minimum cost policy is similar to Section IV-A except that the grid power is zero. For the maximum profit policy, the MGCC revenue is calculated according to where is a reference price that is formulated by considering the costs of all DERs. This is due to the fact that in the islanded mode, the MG is disconnected from the main grid so that it is improper to calculate the MGCC revenue by using the open market price. Therefore, the objective function for the maximum profit policy is a little bit different as shown by
C. Comparison and Validation
We used MATLAB optimization toolbox [22] for the validation. The validation is made for several simple MG networks. The procedure includes: 1) defining an MG optimization problem, 2) building the optimization problem using MATLAB and the method presented in Section III, 3) building the optimization problem using PowerWorld and the method presented in Section IV, 4) running the simulation in PowerWorld and MATLAB, and 5) comparing the results. The comparison shows that the results generated by using MATLAB and PowerWorld are very close to both the minimum cost and maximum profit policies, demonstrating the effectiveness of using PowerWorld to solve the optimal power dispatch problem for an MG market.
V. OPTIMAL POWER DISPATCH STUDY IN GRID-TIED MODE
This section presents an optimal power dispatch study for a typical benchmark MG network by using PowerWorld (Fig. 3) . The synchronous machine connected to bus 1 signifies the grid. Bus 2 stands for the low-voltage (LV) bus of the transformer. The network consists of three feeders with the first feeder supplying residential loads, the second feeder supplying an industrial load, and the third feeder supplying commercial loads [20] . The DERs are located in the first feeder domain, which forms an MG by itself. The MG is supplied through the LV feeder to serve a suburban residential area with a limited number of consumers connected along its length and consists of DERs from all currently important technologies, such as solar PVs, microturbines, wind turbines, and fuel cells. No DERs are connected to the second and third feeders. However, the inclusion of the two feeders would benefit more extended system study. Of the two feeders, one is a dedicated underground cable line, serving a workshop, whereas the other is an overhead line serving a small commercial district. The DERs are connected to the following buses: solar on buses 6 and 7, wind on bus 6, microturbine on bus 5, fuel cell on bus 8, and battery on bus 4.
The installed capacities of DERs and impedance data for various line types used in the network are given in [23] and [24] . Daily load curves for the three load types of the benchmark network are shown in Fig. 4 . It is assumed that each residential load on the first feeder has the similar load pattern and the same condition is applicable to each commercial load on the third feeder. The power factor is 0.85 lagging for residential and commercial consumers and 0.9 for the industrial ones. Two loads in the first feeder domain, and , are curtailable loads. Without curtailment, load is about twice larger than load . Thus, the benchmark network maintains important technical characteristics of real-life utility distribution systems, while dispensing with the complexity of actual MG networks, to permit efficient modeling and simulation study of the MG operation.
The maximum power captured by wind and solar generators is shown in Fig. 5 . Note that this paper only considers a longterm variability impact of solar and wind to MGCC management and planning. In other words, it is assumed that the short-term variability is handled by using energy storage, such as battery and supercapacitor, with proper control at the local DER level, and the MGCC only handles the long-term variability of the power delivered from an integrated DER and energy storage system.
To investigate the behavior of the MG network under variable load and variable generation conditions, time step simulation function of PowerWorld is utilized. The load and generation profiles are first created by using other software tools and then loaded into PowerWorld. These include maximum DER generation and maximum amount of loads that can be curtailed. For wind and solar, the power generation limit at any time interval is the average maximum power captured by each unit in that time period. The battery does not participate in the bidding competition; it charges during night time and discharges during grid peak price interval. For all DER inverters, the dc-link voltage is 700 V, the reactance of the grid filter is 2 mH, and the rated power of the inverter is twice the rated active power production of each DER unit. The grid real-time price is shown in Fig. 6 . The and values are ¢ and for wind, ¢ and for solar PV1 and PV2, ¢ and for fuel cell, and ¢ and for microturbine [12] . Selection of and values for solar and wind has considered some power purchase agreement features [25] . For example, the solar owner or developer should sell power to the MGCC at a rate that, on average, is lower than the open market price. This lower electricity price serves to offset the MGCC's purchase of electricity from the grid while the developer receives the income from the sales of electricity as well as any tax credits and other incentives generated from the system. Fig. 7 shows the grid and DER powers for a case study based on the minimum cost policy using ac OPF, in which it is assumed that all DERs use PQ inverters with a unity power factor. According to Fig. 7(a) , solar and wind only produce a small amount of power due to its low rating. The fuel cell is cheaper than the microturbine. Hence, when the grid price is high, it is the first to generate full power, while the microturbine starts to generate full power at a higher grid price. Both the fuel cell and microturbine have minimum power generation constraints so that both produce a small amount of power during the night although the price is low during that time period. The price to curtail load at bus 3 is more expensive than DER bids and grid price, whereas the price to curtail load at bus 8 is cheaper than DER bids and grid price. As a result, load is completely shed, whereas is not curtailed. This is consistent with (12) . For example, curtailment of increases the cost by the last term in (12) but reduces the grid cost by the second term in (12) . Since the cost to curtail is cheaper than the grid cost, completely shedding of would minimize the overall cost.
A. Minimum Operational Cost Policy

B. Maximum Overall Profit Policy
For the same MG condition, the result obtained by using the maximum profit policy (Fig. 8) is a little bit different. The primary difference is the curtailable loads. For the maximum profit policy, the remaining loads for both and are the same as the two loads without any curtailment, implying that there is no load shedding with the maximum profit policy. This indicates that the load shedding is not encouraged for this policy. This is consistent with (19) , because for any load shedding the last term in (19) always has a negative contribution to the overall profit.
C. Normal Power Flow
For normal power flow without using economic dispatch, the active power output of solar PVs and wind turbine is variable depending on the weather conditions. It is assumed that both wind and solar operate in maximum power extraction mode. Therefore, the active power of wind turbine and solar PVs represents the average maximum power captured from the wind or the Sun in every bidding period and is not affected by the power-flow study.
For the microturbine and fuel cell, it is assumed that there are sufficient resources for both DERs to participate in the automatic generation control of the network. Hence, the maximum active power of the DERs is the capacity specified by Max_MW in PowerWorld, whereas the actual active power is determined by the power-flow computation. The reactive power of all the DERs depends on PV or PQ operating mode of a DER inverter and is Fig. 6 . Grid electricity price during a day. constrained by the rated power and PWM saturation limit of the DER inverter. The reactive power constraints are specified by Max_Mvars and Min_Mvars in PowerWorld and are calculated according to Section II-D. Table I compares the results obtained by using minimum cost policy (Min Cost), maximum profit policy (Max Profit), and normal power flow without the market bidding competition (power flow). As it can be seen, in terms of both overall cost and profit of the MG network, the normal power flow has the lowest advantage among the three strategies. The difference between the minimum cost and maximum profit policies is shown in the table too. 3) The battery reduces grid power during discharge mode [ Fig. 9(d)] . Similarly, the voltage boost is more evident at the bus which connects the battery [ Fig. 9(a) ]. During the charge mode, the battery absorbs power and the bus voltage drops [ Fig. 9(a)-(d) ]. Fig. 10 shows the voltage of buses 4, 5, and 8, power losses, and power supplied by the grid to the benchmark network under the same scenarios when DER converters operate in the PV mode. The reference bus voltage is 1 p.u. However, the reactive power required to maintain the desired bus voltage at each DER cannot exceed the maximum allowable reactive power of the DER as presented in Section II-E. From the figure and other results, the following regularities are obtained: 1) In the PV inverter mode, the MG network voltage is improved. If no active power is generated by a DER, the bus voltage boost is achieved through reactive power production of GSCs. If a DER produces active power, an additional bus voltage boost can be achieved. The bus voltage improvement reduces the load current and hence the loss of the distribution network [ Fig. 10(e) ].
2) The ability of the bus voltage boost also depends on the rated power and converter PWM saturation constraint. As a result, desired bus voltage of 1 p.u. may not be able to obtain, especially at peak load conditions. 3) Although the bus voltage boost reduces the losses of the MG network, it is possible that the PV-controlled DERs may absorb reactive power from the grid under a light load condition, which results in more losses [ Fig. 10(e) ]. 
VI. OPTIMAL POWER DISPATCH STUDY IN ISLANDED MODE
In the islanded mode, the microturbine is selected as the slack bus generator due to its stable and larger power availability compared to other DERs. It is assumed that the islanding operation of the MG network is for a short-term emergency condition only so that the battery operates only in discharge mode from 6 P.M. to 10 P.M. with the rated output power. Unlike the grid-tied mode, all the loads except one critical load at bus 5 are set as curtailable loads. The load pattern before the curtailment is the same as the residential load pattern as shown in Fig. 4 . In the islanded mode, the voltage control of the MG network is critical. Hence, only PV mode of DER inverters is considered in the following study.
Figs. 11 and 12 show the power provided by DERs and load curtailment in the islanded mode based on the minimum cost and maximum profit policies, in which DER cost functions are the same as those used in the grid-tied mode. Compared to the gridtied mode, more power has to be generated by DERs especially during the peak load period. Even so, there may be insufficient power to supply all the loads. Thus, the load curtailment is necessary.
For the minimum cost policy, loads at buses 3 and 8 are completely curtailed because the price to curtail these loads is cheaper than the reference price , and loads at buses 6 and 7 are partially curtailed at the peak load period depending on the price to curtail each load.
For the maximum profit policy, the load curtailment reduces the profit gain according to Section IV-B. Similar to the grid-tied mode, the load curtailment is not encouraged if there is sufficient DER power to supply the loads. Hence, no load is curtailed during the light load period. However, during the peak period, load curtailment is required because of the limitation of available total DER power. The bus voltages can be maintained at adequate values after the curtailment as shown in Fig. 13(a) and (b) . Again, the voltage at a bus with a supplying DER power to the MG [ Fig. 13(b) ] is higher than the voltage at a load bus [ Fig. 13(a) ].
VII. CONCLUSION
This paper analyzed the two typical MG market policies and investigated how to convert these market policies so that it is possible to use PowerWorld, a commercial power system simulator for optimal power dispatch study of a competitive MG power market that contains inverter-interfaced microsources.
The optimal dispatch problem using PowerWorld was validated through MATLAB. Using the commercial power system software, the study for a competitive MG power market became a very easy task due to the powerful analytical and visualization tools available in the software.
In the grid-tied mode, the operation of the MG using the minimum cost or maximum profit policy has either the lowest cost or the highest profit compared to the normal power-flow solution. The difference is mainly caused by the shedding of curtailable loads using the two different policies. In terms of overall cost and profit of the MG network, the normal power flow has the lowest advantage among the three strategies. The MG network has better bus voltage and lower losses under the PV-inverter condition than the PQ-inverter condition. However, due to the rated power and converter PWM saturation constraints, the desired bus voltage may not be able to achieve, especially at the peak load period.
In the islanded mode, the grid does not supply power to the MG so that a large amount of load curtailment is necessary, and voltage control of the MG network becomes an important issue. The load curtailment depends on the market policies employed and the total available DER power of the MG. The bus voltages of the MG network can be maintained at adequate values after the load curtailment.
